Detailed structural information on human exchangeable apolipoproteins (apo) is required to understand their functions in lipid transport. Using a series of deletion mutants that progressively lacked different regions along the molecule, we probed the structural organization of lipid-free human apoA-I and the role of different domains in lipid binding, making comparisons to apoE, which is a member of the same gene family and known to have two structural domains. Measurements of ␣-helix content by CD in conjunction with tryptophan and 8-anilino-1-naphthalenesulfonic acid fluorescence data demonstrated that deletion of the amino-terminal or central regions disrupts the tertiary organization, whereas deletion of the carboxyl terminus has no effect on stability and induces a more cooperative structure. These data are consistent with the lipid-free apoA-I molecule being organized into two structural domains similar to apoE; the amino-terminal and central parts form a helix bundle, whereas the carboxyl-terminal ␣-helices form a separate, less organized structure. The binding of the apoA-I variants to lipid emulsions is modulated by reorganization of the helix bundle structure, because the rate of release of heat on binding is inversely correlated with the stability of the helix bundle. Based on these observations, we propose that there is a two-step mechanism for lipid binding of apoA-I: apoA-I initially binds to a lipid surface through amphipathic ␣-helices in the carboxyl-terminal domain, followed by opening of the helix bundle in the amino-terminal domain. Because apoE behaves similarly, this mechanism is probably a general feature for lipid interaction of other exchangeable apolipoproteins, such as apoA-IV.
Detailed structural information on human exchangeable apolipoproteins (apo) is required to understand their functions in lipid transport. Using a series of deletion mutants that progressively lacked different regions along the molecule, we probed the structural organization of lipid-free human apoA-I and the role of different domains in lipid binding, making comparisons to apoE, which is a member of the same gene family and known to have two structural domains. Measurements of ␣-helix content by CD in conjunction with tryptophan and 8-anilino-1-naphthalenesulfonic acid fluorescence data demonstrated that deletion of the amino-terminal or central regions disrupts the tertiary organization, whereas deletion of the carboxyl terminus has no effect on stability and induces a more cooperative structure. These data are consistent with the lipid-free apoA-I molecule being organized into two structural domains similar to apoE; the amino-terminal and central parts form a helix bundle, whereas the carboxyl-terminal ␣-helices form a separate, less organized structure. The binding of the apoA-I variants to lipid emulsions is modulated by reorganization of the helix bundle structure, because the rate of release of heat on binding is inversely correlated with the stability of the helix bundle. Based on these observations, we propose that there is a two-step mechanism for lipid binding of apoA-I: apoA-I initially binds to a lipid surface through amphipathic ␣-helices in the carboxyl-terminal domain, followed by opening of the helix bundle in the amino-terminal domain. Because apoE behaves similarly, this mechanism is probably a general feature for lipid interaction of other exchangeable apolipoproteins, such as apoA-IV.
Exchangeable apolipoproteins (apo) 1 play critical roles in lipid transport and lipoprotein metabolism. This class of proteins (which includes human apoA, -C, and -E) have the same genomic structure and are members of a multigene family that probably evolved from a common ancestral gene (1) . The last exon codes for a primary structure of 22-amino acid tandem repeats that are often separated by a proline residue. The 22-residue segments form amphipathic ␣-helices that mediate the interaction of these proteins with lipids (2) . Knowledge of apolipoprotein tertiary structure in the absence and presence of lipid is needed to understand their functions at the molecular level. Given the common evolution, it might be expected that apolipoprotein molecules containing multiple 22-residue repeats (e.g. apoA-I and apoE) fold similarly to adopt a common domain structure. However, this concept has not been established because, as outlined below, current knowledge of apolipoprotein tertiary structure is rudimentary.
High resolution structures for intact human apolipoprotein in the lipid-free state are not available. ApoE is perhaps the best defined because the crystal structure for the 22-kDa amino-terminal fragment was solved over a decade ago (3) . This domain forms a globular ␣-helix bundle that is similar to the structure of insect apolipophorin III (4). In apoE, there are two independently folded domains: the 22-kDa amino-terminal domain contains the low density lipoprotein receptor binding region and the 10-kDa carboxyl-terminal domain has a high affinity for lipid and is responsible for lipoprotein binding (5) . Recently, we showed that these two domains in apoE4 lead to two different lipid-bound conformations, providing a structural rationale for the variable receptor binding activity displayed by lipoprotein-associated apoE (6) . In comparison, the tertiary structure of apoA-I is relatively poorly defined. Thus, various spectroscopic and proteolysis measurements are consistent with a helix bundle structure for apoA-I in solution (7) (8) (9) . However, the ␣-helices are in a linear conformation in the crystal structure of an amino-terminal-truncated apoA-I molecule (10) . Also, in contrast to apoE (11) , guanidine hydrochloride (GdnHCl)-induced denaturation of apoA-I is monophasic (12) , giving no evidence for separate unfolding of two domains. Indeed, the apoA-I molecule may not have a defined tertiary structure, because it exhibits characteristics of a molten globule (13) . The structural plasticity (14) facilitates lipid-binding with the carboxyl-terminal domain playing a key role (for reviews, see Refs. [15] [16] [17] .
We further examined the domain structure of apoA-I so that a systematic comparison with apoE could be made. To this end, we characterized six deletion mutants that progressively lack different regions along the molecule, amino-terminal (⌬1-43, ⌬44 -65, and ⌬44 -126), central (⌬123-166), or carboxyl-terminal (⌬190 -243 and ⌬223-243) regions of apoA-I. The results show that the two-domain model of apoE structure applies to apoA-I and that both proteins undergo a similar two-step mech-anism of binding to a lipid surface. These findings support the notion that the tertiary structures of the larger members of the human exchangeable apolipoprotein gene family are related.
EXPERIMENTAL PROCEDURES
Expression and Purification of Proteins-To express human apoA-I and engineered variants, the cDNA of interest was cloned into multiple cloning sites of the pET32a (ϩ) vector, and the target protein was expressed as a fusion protein with the 109-amino acid thioredoxin at the amino terminus. The pET32a (ϩ) vector contains the ampicillin resistance gene for clonal selection and a His-tag at the fusion linker region to facilitate purification of the expressed protein using a nickel affinity column. In addition, a thrombin recognition site was engineered at the fusion junction in such a way that thrombin cleavage of the thioredoxin leaves the target protein with two extra amino acids, Gly-Ser, at the amino terminus (18) . The transformed expression host, Escherichia coli strain BL21Ϫ DE3, was grown in Luria Bertani medium, and expression was induced with 1 mM isopropyl-␤-D-thiogalactopyranoside for 3 h. After the cell pellet was sonicated and centrifuged to sediment the cell debris, the supernatant was loaded onto a nickel-chelating, histidine binding resin column. The thioredoxin-apoA-I fusion protein bound to the column was eluted, pooled, dialyzed against 20 mM NH 4 HCO 3 , complexed with dimyristoylphosphatidylcholine (DMPC), and cleaved with thrombin. The apoA-I was then lyophilized and delipidated, dissolved in 6 M GdnHCl, and separated from the fusion protein thioredoxin by gel filtration and anion-exchange chromatography (18) . The apoA-I preparations were at least 95% pure as assessed by SDS-PAGE. Plasma apoA-I was isolated from human high density lipoprotein (19) . The human apoE4 and its 22-kDa fragment were expressed and purified as described (6) .
Circular Dichroism (CD) Spectroscopy-The average secondary structures of the apoA-I variants were determined by obtaining CD spectra at room temperature using a Jasco J-600 spectropolarimeter. The proteins dissolved in 6 M GdnHCl were dialyzed overnight against excess 10 mM sodium phosphate buffer (pH 7.4) and diluted to 25Ϫ50 g/ml for CD analysis. The ␣-helix content was calculated from the molar ellipticity at 222 nm, as described (20) ; similar values for the ␣-helix content were also derived by a singular value decomposition of the CD spectrum (21) . The thermal denaturation was monitored from the change in molar ellipticity at 222 nm over the temperature range 20Ϫ90°C, as described (22) . The cooperativity index, n, describing the sigmoidicity of the thermal denaturation curve was calculated by applying the Hill equation, n ϭ log 81/log (T 0.9 /T 0.1 ), where T 0.1 and T 0.9 are the temperatures where the fractional completions of the unfolding transition are 0.1 and 0.9, respectively. The equilibrium constants of denaturation, K D , at each temperature were derived from the measured molar ellipticity at each temperature and the molar ellipticities of the native and denatured forms of the protein, as described (20) . The van't Hoff enthalpy, ⌬H v , was calculated from the slope of the line fitted by linear regression to the equation, ln
where R is the gas constant and T is temperature.
Fluorescence Measurements-Fluorescence measurements were carried out with a Hitachi F-4500 fluorescence spectrophotometer at 25°C. In all experiments, the apoA-I was freshly dialyzed from 6 M GdnHCl solution into Tris buffer (10 mM Tris-HCl, 150 mM NaCl, 0.02% NaN 3 , 1 mM EDTA, pH 7.4) before use. To determine the wavelength of maximum fluorescence (WMF) of intrinsic Trp residues, the emission spectra were recorded from 300 to 400 nm using a 295-nm excitation wavelength to avoid tyrosine fluorescence. For monitoring chemical denaturation by WMF, proteins at concentrations of 50Ϫ100 g/ml were incubated overnight at 4°C with GdnHCl at various concentrations. K D at a given GdnHCl concentration were calculated with WMF being used instead of ellipticity in the equation for K D (20) . The free energy of denaturation, ⌬G D°, the midpoint of denaturation, D 1/2 , and m value, which reflects the cooperativity of denaturation in the transition region, were determined by the linear equation,
In fluorescence quenching experiments, the emission spectra of proteins were recorded at increasing concentrations of KI (0Ϫ0.45 M) using a 5-M stock solution containing 1 mM NaS 2 O 3 to prevent the formation of iodine. After correction for dilution, the integrated fluorescence intensities were fitted to the modified Stern-Volmer equation,
, where F 0 and F are the fluorescence intensities in the absence and presence of quencher, respectively, f a is the fraction of Trp residues accessible to the quencher, and K sv is the Stern-Volmer constant. 8-anilino-1-naphthalenesulfonic acid (ANS) fluorescence spectra were collected from 400 to 600 nm at an excitation wavelength of 395 nm in the presence of 50 g/ml protein and an excess of ANS (250 M).
DMPC Clearance Assay-The kinetics of solubilization of DMPC multilamellar vesicles by the apoA-I variants were measured by monitoring the decrease in absorbance at 325 nm, as described before (23) . The time courses of decrease in absorbance with time were fitted to a monoexponential decay equation, and the clearance rates were compared in terms of the product (rate constant ϫ fraction of absorbance cleared at equilibrium) normalized to the value for native apoA-I.
Isothermal Titration Calorimetry (ITC) Measurements-Triolein-egg phosphatidylcholine (PC) emulsion particles (average particle diameter determined by quasi-elastic light scattering measurements was 110 Ϯ 10 nm) were prepared by sonication and purified by ultracentrifugation as described (6) . Heats of apoA-I binding to emulsions were measured with a MicroCal MCS isothermal titration calorimeter (MicroCal Inc., Northampton, MA) at 25°C. To ensure that the injected protein bound completely to the emulsion surface, the PC to protein molar ratio was kept over 10,000. The decay rate constants for the heats of binding were obtained from fitting the titration curves to a one-phase exponential decay model.
RESULTS
CD Analysis of ApoA-I Variants-Far-UV CD spectra of apoA-I variants were used to determine the average ␣-helix content in the lipid-free structures (Table I) . Compared with WT apoA-I (␣-helix content of 46% and 113 ␣-helical residues), significant reductions in the number of ␣-helical residues were observed in all deletion mutants except for ⌬190 -243. The fact that all the other deletions cause a reduction in the number of ␣-helical residues implies that they all include ␣-helical domains, assuming that no compensatory changes in conforma- tion occur upon removal of the specified amino acids. In the case of ⌬44 -126, the fact that 71 of the 83 residues removed are ␣-helical residues indicates that this region of the apoA-I molecule largely forms an ␣-helical structure (7, 8) . The central region apparently contains a significant amount of nonhelical structure (24) because only 13 of the 44 residues removed in ⌬123-166 are helical (Table I) . Although the carboxyl-terminal deletion ⌬223-243 reduces the number of helical residues, the larger carboxyl-terminal deletion ⌬190 -243 results in an essentially unaltered number of residues in a helical conformation. This suggests that the carboxyl-terminal region (residues 190Ϫ243) is predominantly a nonhelical structure (7, 8) in which there is some helicity in residues 223Ϫ243 (25, 26) . Fig. 1 shows the thermal unfolding curves of plasma, ⌬44 -126, and ⌬190 -243 apoA-I monitored by the ellipticity at 222 nm. The shapes of the curves indicate that the deletion ⌬44 -126 significantly decreases the cooperativity of unfolding, whereas the deletion ⌬190 -243 increases the cooperativity compared with plasma apoA-I. Table I gives the values of the midpoint temperature, T m , the cooperativity index, and the van't Hoff enthalpy, ⌬H v , of thermal unfolding. Deletions of ⌬44 -65, ⌬44 -126, or ⌬123-166 cause a large decrease in T m , indicating that deletions of these regions markedly destabilize the protein structure. Comparison of the cooperativity index and ⌬H v indicates that deletions of the amino-terminal or central regions result in a significant reduction in the cooperativity of unfolding, whereas the carboxyl-terminal deletion increases the cooperativity. Fig. 1 also shows the thermal unfolding curves of apoE4 and its 22-kDa fragment for comparison (11) . Deletion of the carboxyl-terminal domain in apoE resulted in an increase in the percent ␣-helix content and an increase in the cooperativity index (Table I ) similar to the effects of deletion of residues 190 -243 in apoA-I.
Fluorescence Studies of ApoA-I Variants-To compare the structure and stability of the amino-terminal region among the apoA-I variants, we measured Trp fluorescence because the four Trp residues are located in the amino-terminal half of apoA-I (positions 8, 50, 72, and 108). Because all of the Trp residues exist in similar hydrophobic environments in a folded protein structure (27) , monitoring Trp fluorescence is useful to probe the conformation of the amino-terminal half of the protein, although some deletion mutants are variously missing certain Trp residues. Fig. 2 shows GdnHCl-induced denaturation curves of the apoA-I variants monitored by wavelength of maximum fluorescence of Trp emission spectra. The conformational stability, ⌬G D°, the midpoint of denaturation, D 1/2 , and m values derived from the linear plots of the Gibbs free energy, ⌬G D , versus denaturant concentration (Fig. 2, inset) , are listed in Table II . Plasma and wild-type apoA-I exhibit a midpoint of denaturation of 1.0 M, consistent with earlier results using the ellipticity at 222 nm (12, 20) . Deletions of the amino-terminal (⌬1-43, ⌬44 -65, or ⌬44 -126) or central (⌬123-166) regions lead to a large reduction in ⌬G D°, D 1/2 , and m values, indicating that deletions of these regions decrease the stability and the unfolding cooperativity of the amino-terminal half of apoA-I. In contrast, values of these parameters for ⌬190 -243 and ⌬223-243 are close to native apoA-I, suggesting that carboxyl-terminal deletion has no effect on the tertiary structure of the aminoterminal half of the molecule.
To determine the relative exposures of Trp residues to the aqueous environment, KI quenching studies were performed. As shown in Table II , similar values of the quenching parameters for plasma, wild-type, ⌬1-43, ⌬44 -65, ⌬190 -243, and ⌬223-243 apoA-I were obtained, indicating similar exposure of Trp residues to solvent in these proteins. A decrease in f a for ⌬123-166 and an increase in K sv for ⌬44 -126 compared with native apoA-I indicate that Trp residues in ⌬123-166 are less exposed to solvent, whereas Trp-8 in ⌬44 -126 is more exposed.
The fluorescence emission of ANS is known to increase when bound to an accessible hydrophobic surface or a cavity of a protein (28) . Compared with free ANS, a significant increase in fluorescence spectra was observed in the presence of native apoA-I, in contrast to the case of carbonic anhydrase, a stable folded globular protein (Fig. 3) (9, 29) . As seen in Table II , deletions of the amino-terminal or central regions induce a large enhancement in ANS fluorescence compared with native apoA-I, indicating that there is much more hydrophobic surface accessible to ANS in these variants. In contrast, a reduction in ANS fluorescence for ⌬190 -243 and ⌬223-243 suggests that carboxyl-terminal deletion decreases the exposed hydrophobic surface in apoA-I. A similar effect of carboxyl-terminal deletion on ANS fluorescence was also observed in apoE4 (Fig. 3, inset) .
Taken together, these results demonstrating the distinct effects of deletions in the amino-terminal half or the carboxyl terminus of the apoA-I structure strongly suggest that the lipid-free apoA-I molecule is organized into two structural domains similar to apoE. The amino-terminal and central parts form a helix bundle, whereas the carboxyl-terminal ␣-helices form a separate, less organized structure (7, 8, 14, 29) .
Lipid Interaction of ApoA-I Variants-We used a DMPC clearance assay to examine the relative contributions of the putative two structural domains in apoA-I to lipid binding. As shown in Table III , ⌬190 -243 and ⌬223-243 exhibited much slower kinetics of solubilization than native apoA-I, indicating that the carboxyl-terminal domain of apoA-I plays a key role in lipid binding (7, 30, 31) , like the carboxyl-terminal domain of apoE does (23) . Interestingly, disruption of the helix bundle by the amino-terminal or central deletions gives faster clearance than native apoA-I, presumably because of more rapid conformational rearrangement of these proteins (23) .
To further characterize the opposite effects of the two domains on lipid interaction, we measured the heats of emulsion binding of the apoA-I variants using ITC (6) . Because there is no morphological change in emulsion particles upon apoA-I binding, the heat change on apoA-I binding to emulsions contains contributions from the protein-lipid interaction and from the conformational rearrangement of protein (32) . The resultant binding enthalpies at a low surface concentration of protein are given in Table III . Deletions of the amino-terminal or central regions have small effects on the binding enthalpy except for the ⌬1-43 mutant in which the tertiary structure of the carboxyl-terminal domain is thought to be altered (10, 29) . Deletions of the carboxyl-terminal domain result in a 4-fold decrease in the binding enthalpy, further confirming the critical role of the carboxyl-terminal domain in lipid binding. In addition to the binding enthalpy, we also analyzed the kinetics of release of heat because significant differences in the decay rates of isothermal titration curves were observed among the apoA-I variants (Fig. 4) . As shown in Table III , this decay rate is increased by deletions of the amino-terminal or central regions, whereas the carboxyl-terminal deletions have a small effect on it. Significantly, we found an inverse correlation between D 1/2 monitored by Trp fluorescence and ITC decay rate (Fig. 4, inset) , suggesting that the stability of the amino-terminal helix bundle structure modulates the conformational rearrangement of apoA-I on the emulsion surface.
DISCUSSION
Two Structural Domains in ApoA-I-The study of GdnHClinduced denaturation of the apoA-I variants demonstrates that deletions of the amino-terminal or central regions lead to a more unstable and uncooperative structure, whereas the carboxyl-terminal deletion mutants exhibit similar stability and unfolding cooperativity to native apoA-I. This suggests that the amino-terminal half of the molecule has a folded domain structure, existing independently from the carboxyl terminus. In this regard, an increase in ANS fluorescence by deletions of the amino-terminal or central regions appears to come from the disruption of this domain structure. However, Trp fluorescence quenching experiments show that the Trp residues in the amino-terminal half of apoA-I are shielded from solvent and none of the deletions in the amino-terminal, central, or carboxylterminal regions causes a drastic increase in exposure to solvent; this indicates that all apoA-I variants studied have some degree of folded tertiary structure. The opposite effects on the The inset shows ANS fluorescence spectra in the presence of apoE4 (e), the 22-kDa fragment of apoE4 (f), and free ANS (g) for comparison.
van't Hoff enthalpy and the cooperativity index caused by the amino-or carboxyl-terminal deletions shown in Table I also indicate the presence of two structural domains in apoA-I. The carboxyl-terminal domain appears to be relatively disordered because its deletion gives more cooperative unfolding with higher van't Hoff enthalpy. In contrast, deletions in the aminoterminal domain reduce the cooperativity and van't Hoff enthalpy of unfolding, consistent with disruption of a helix bundle. The helices in residues 123-166 may be central to the bundle because their deletion gives the greatest disruption (24) . Taken together, these data are consistent with the twostructural domain model of lipid-free apoA-I in which the amino-terminal half of the domain is organized into a helix bundle, whereas the carboxyl-terminal domain exists as a discrete, less organized structure (7, 8) .
The concept of two structural domains is well established for apoE (5) , and a helix bundle motif is consistent with the crystal structure of the amino-terminal fragment of apoE (3) . In this regard, the tertiary structure of apoA-I is basically similar to apoE except that the amino-terminal helix bundle is less organized and less stable than that in apoE. Indeed, GdnHClinduced denaturation curves of apoE indicate that the 22-kDa amino-terminal and 10-kDa carboxyl-terminal domain unfold independently (11), whereas GdnHCl-induced denaturation of apoA-I is monophasic (12) . The fact that the amino-terminal helix bundle domains in apoA-I and E contain different sorts of amphipathic helix in which the helices are class G* in apoE and class A in apoA-I (33) may explain the differences in stability. Also, the proline punctuation is much more regular in apoA-I than in apoE, presumably preventing the helices in the bundle from becoming as highly organized as they are in apoE (3, 5) . In addition, the effects of buried polar groups on helix bundle stability could be a contributing factor (34) .
ApoA-I and E are in the same gene family (1) and exon 4 codes for the 22-mer amphipathic helical repeats in both proteins, residues 44 -243 in apoA-I and 62-299 in apoE (33) . The carboxyl-terminal domain is critical for lipid binding in both molecules and, in apoE, this corresponds to the 10-kDa fragment residues 216 -299 (5), which contain three of the proposed 22-mer repeats (1) . Assuming from the homology that the three carboxyl-terminal 22-mer repeats also comprise the lipid binding domain in apoA-I, this domain then appears to span residues 187-243 (1), consistent with our observations on the ⌬190 -243 mutant. In fact, previous studies employing limited proteolysis of lipid-free apoA-I revealed major cleavage sites in the carboxyl terminus, particularly near residue 192 (8, 30) .
Lipid Binding Mechanism of ApoA-I and Its Relevance to Other Apolipoproteins-DMPC clearance and emulsion binding experiments of the apoA-I variants indicate that the carboxylterminal domain plays a key role in the initial lipid binding of apoA-I, consistent with previous reports (7, 30, 31) . On the other hand, the enhancement of the DMPC clearance rate by deletions of the amino-terminal or central regions suggests that the conformational stability of the amino-terminal domain is critical to the lipid interaction of apoA-I. Supporting this idea, a strong correlation between D 1/2 , reflecting the unfolding stability of the amino-terminal domain, and the rate of release of heat on emulsion binding is observed (Fig. 4, inset) . These results indicate that the tertiary structure of the amino-terminal domain modulates the lipid binding process (opening of the helix bundle) of apoA-I. Similarly, an inverse relationship between the stability of the apoE amino-terminal domain and reactivity to DMPC liposomes was observed (23) . Interestingly, it has been suggested recently that a partially folded, molten globular-like state of apolipophorin III (35) and apoE (36) is associated with increased lipid binding activity of these proteins.
Based on the above observations, we propose a two-step mechanism for lipid binding of apoA-I on spherical particles (Fig. 5 ). In this model, apoA-I initially binds to a lipid surface through amphipathic ␣-helices in the carboxyl-terminal domain, accompanied by an increase in ␣-helicity, probably in the region including residues 190 -220. Subsequently, the helix bundle in the amino-terminal domain undergoes a conformational opening, converting hydrophobic helix-helix interactions to helix-lipid interactions. In this step, the extra helicity in the amino-terminal domain appears to come from residues 123-142 (24) . A multiple-step mechanism for apoA-I lipid binding to form discoidal high density lipoprotein particles has been proposed by Rogers et al. (37) based on structural studies of lipidfree apoA-I, suggesting that the protein adopts both globular helical bundle and elongated rod-like conformations. In the present study, we do not have any information on the spatial arrangement of the two domains in the lipid-free apoA-I molecule, but we provide direct experimental evidence for the different roles in lipid binding of the two domains in apoA-I: an initial lipid binding step occurs through the flexible carboxylterminal domain followed by a major conformational reorganization of the amino-terminal helix bundle.
Using ITC, we showed recently (6) that two domains in apoE4 lead to two lipid-bound states in which the amino-terminal four-helix bundle adopts either open or closed conforma- 
FIG. 5.
Model of the two-step lipid binding mechanism of apoA-I on a spherical particle. In the lipid-free state, apoA-I is organized into two structural domains in which the amino-terminal domain forms a helix bundle, whereas the carboxyl-terminal domain forms a separate, less organized structure. Initial lipid binding occurs through amphipathic ␣-helices in the carboxyl-terminal domain accompanied by an increase in ␣-helicity, probably in the region including residues 190 -220. Subsequently, the helix bundle in the amino-terminal domain undergoes a conformational opening, converting hydrophobic helix-helix interactions to helix-lipid interactions.
tions. We also found that the binding enthalpy of apoA-I in a saturated condition (Ϫ46 kcal/mol) was much lower than that in a low surface concentration (Ϫ84 kcal/mol in Table III ), suggesting that apoA-I adopts multiple lipid-bound conformations like apoE. However, it should be noted that ITC results cannot discriminate a conformation in which the helix bundle in apoA-I exists intact out of contact with lipid from one in which just some helices swing away from the surface like a "hinged domain" (33) ; both situations are possible because the helix bundle of apoA-I is more flexible than the four-helix bundle of apoE.
Given the structural similarity of apoA-I and other exchangeable apolipoproteins such as apoA-IV and -E that are part of the apolipoprotein multigene family (1), the two-step lipid binding mechanism proposed here could be a general feature for lipid interaction of exchangeable apolipoproteins composed of two structural domains. It should be noted that this model is not likely to apply to the smaller exchangeable apolipoproteins such as apoCs that do not contain multiple 22-residue repeats. In apoA-IV, there is no experimental evidence for two domains as yet (38) , presumably because the putative helix bundle in apoA-IV is not more stable than the carboxyl-terminal helices, as seen in apoA-I in this study and in contrast to apoE (11) . In addition, the concept of multiple lipid-bound conformations of apoA-I may provide new insights into how apoA-I modulates its functions, such as binding to scavenger receptor class B type I in which the flexible conformations of apoA-I appear to display variable receptor binding affinity (39) .
